seriously, disparities are also seen in outcomes related to hypertension. For example, mortality rates because of hypertension are roughly 15 deaths per 100 000 people for White men and women; but 40 and more than 50 per 100 000 for Black men and women, respectively. 4 Disparities in hypertension account for the greatest disparities in years of lost life compared with any other health condition. 6 A growing body of literature in different disciplines indicates that both social and environmental factors are important in the production and maintenance of hypertension disparities. 7---10 There are racial disparities in numerous social factors, such as socioeconomic status (SES) , that have a robust association with hypertension. 2 For example, 2009 estimates put 26% of Blacks living in poverty compared with only 12% of Whites. 11 Importantly, however, controlling for poverty does not attenuate the racial disparities in hypertension, indicating that there are complex mechanisms at work.
12
There are also racial disparities in numerous environmental hazards, some of which are associated with hypertension. For example, lead is causally associated with a modest increase in blood pressure and risk of hypertension in a dose-dependent manner 13---16 through several biological mechanisms, including increases in oxidative stress and alterations in control of the cardiovascular system. 17 Furthermore, racial disparities in lead have been reported for decades. 18, 19 In the environmental health literature, researchers have described the notion of differential vulnerability to the deleterious health effects of environmental hazards. 20, 21 Some have shown that psychosocial stress and social stressors potentiate the association between lead and blood pressure. For example, in 1 study, men who report high levels of perceived stress show an association between bone lead and blood pressure, whereas men who do not report high levels of stress do not reveal this association. 22 Similarly, those adults who have higher allostatic load scores, a measure of stress-related wear and tear on the body, show a stronger association between blood lead and the odds of hypertension compared with adults with lower allostatic load scores. 23, 24 It may be that this differential vulnerability, resulting from differential exposure to social factors, contributes to racial disparities in hypertension. 25 In other words, it may be that the greater social stressors and psychosocial stress experienced by Black compared with White Americans may exacerbate the health effects of environmental hazards, including lead. In fact, researchers have reported that there is a modifying effect of race on the association between blood lead and blood pressure. Specifically, Black adults exhibit a roughly 1 millimeter mercury increase in systolic blood pressure for every 3 micrograms increase in blood lead. 26 Yet, no such association is seen for Whites. 19, 26, 27 It may be that, compared with White adults, Black adults show a stronger association between lead and blood pressure because they experience greater social stressors, such as higher levels of poverty.
In the present study, we have updated and expanded on previous work by examining the notion that social disadvantage, as marked by race and SES, modifies the association between blood lead and blood pressure. Specifically, we first updated the literature on the modifying effect of race on the association between blood lead and blood pressure. The most recent work in this area is based on data from 1988 to 1991. Blood lead levels have continued to decline for both Blacks and Whites. 19 Because there is a dose-dependent association between lead and blood pressure, it is not known whether
Objectives. We explored the notion that social disadvantage increases vulnerability to the health effects of environmental hazards. Specifically, we examined (1) whether race modifies the association between blood lead and blood pressure and (2) whether socioeconomic status (SES) plays a role in this modifying effect.
Methods. Using the National Health and Nutrition Examination Survey (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and linear regression, we estimated the association between blood lead and blood pressure. Using interactions among race, SES, and lead, we estimated this association by levels of social disadvantage.
Results. Black men and women showed a 2.8 (P < .001) and 4.0 (P < .001) millimeters mercury increase in SBP, respectively, for each doubling of blood lead. White adults showed no association. This lead-SBP association exhibited by Blacks was primarily isolated to Blacks of low SES. For example, poor but not nonpoor Black men showed a 4.8 millimeters mercury (P < .001) increase in SBP for each doubling of blood lead.
Conclusions . We examined differences in the samples that included and excluded these 756 observations in blood pressure, blood lead, SES, and race and found that the 2 samples were similar. We examined 3 measures of blood pressure: systolic (SBP), diastolic (DBP) and pulse pressure (PP). We used the average of up to 3 seated blood pressure readings. We calculated pulse pressure as the difference between SBP and DBP.
Whole blood lead was measured using inductively coupled plasma mass spectrometry. The mass spectrometer instrument has lowerbound detection limits. If blood lead levels are below this limit, the reading is not reliable. To distinguish nondetectable laboratory test results from a very low measured lead test result, a special value was imputed by NHANES staff. 29 This value is equal to the lower-bound 30 micrograms per deciliter, with no guidance in the NHANES documentation as to which limit is to be used; therefore, the former value was selected, as had been done in the literature. 30 Finally, blood lead was log-transformed on account of its skewed distribution, nonlinear association with blood pressure, and heteroskedasticity. The transformation addressed these issues. We used 2 dichotomous measures of SES in our interactions: educational attainment (< high school [HS] or ‡ HS) and family poverty income ratio (PIR). The PIR is the ratio of the family's gross income to the family's poverty threshold as determined annually by the US Census Bureau. PIR was calculated by the NHANES staff and was top-coded at 5.0. A PIR below 1.85 was defined as poor because this is the poverty guideline used by certain means-tested social programs. 31 We calculated descriptive statistics, including means with standard errors for all continuous variables and percentages for categorical variables. Because the blood lead distribution was skewed, we have reported both the median with the interquartile range and the back-transformed mean and standard deviation. We estimated margins, or covariate-adjusted means (geometric mean for blood lead), for the focal variables blood lead, SBP, DBP, and PP. We used the Wald test to test for Black---White differences.
We estimated the modifying effect of race on the association between blood lead and blood pressure in regression models that included an interaction between a dummy race variable (1 = Black) and continuous log-transformed blood lead. Models were controlled for age, age 2 , education, PIR, hematocrit, body mass index (defined as weight in kilograms divided by the square of height in meters), heavy alcohol use, 32 smoking status (never, former, current), diagnosis of diabetes, antihypertensive medication use, and dietary sodium, calcium, and potassium intake because these factors have been shown to either confound or modify the association between blood lead and blood pressure. When used as a control variable, PIR was kept in its continuous form and educational attainment was categorized as 3 distinct components (< HS, HS, > HS).
Research has shown that there are social and economic disparities within levels of SES. In other words, researchers have shown that SES levels hold different meanings for Black and White Americans that cannot be captured by adding a main effect of SES to statistical models. 33---35 For example, Black adults have lower occupational status and lower wages for the same educational attainment. 36---38 Therefore, we interacted race and SES measures to examine race-specific measures of SES.
We estimated the race---SES group modifying effects on the association between blood lead and blood pressure by using linear regression models with interactions among the dummy race, dummy SES (< HS = 1; PIR < 1.85 = 1), and continuous blood lead variables. Equation 1 outlines our models. We ran separate models for the interaction with poverty and the interaction with education. where BP = blood pressure (SBP, DBP, or PP); low SES = education < HS or PIR < 1.85. We used postestimation calculations to derive the parameter estimates as follows: White, high SES = b 3 ; White, low SES = b 3 + b 6 ; Black, high SES = b 3 + b 5 ; Black, low SES = b 3 + b 5 + b 6 + b 7 . Models were adjusted for the covariates listed for previous regression models (with the exception of education and PIR).
We ran numerous sensitivity analyses. We ran additional separate models using different educational attainment variables (< HS, HS, > HS; < HS, ‡ HS, college; < HS, HS, > HS, college). Our results showed that there were no differences in the association between blood lead and blood pressure when comparing categories beyond high school. In other words, the only differences we found were comparing those with less than a high school education to those with at least a high school education. Therefore, we have only reported the results of the models with this dichotomous variable. We also ran models without antihypertensive medication use. The inclusion of this variable when blood pressure is the outcome is controversial because it is a collider in directed acyclic graphs. In other words, because antihypertensive medication use is the result of both blood pressure and other variables (e.g., education, race) that precede blood pressure, its inclusion may actually introduce rather than reduce confounding. However, we noted the results were similar, so we kept this variable in our models for consistency with the literature. We also ran models that adjusted for whether respondent's housing stock was built before or after 1978, the year when lead in paint was banned. These results were similar to our original models, so we did not report these results. Finally, we ran models in women that adjusted for the number of pregnancies and the number of live births because these factors may confound the associations among race, blood lead, and blood pressure. These results were similar to our original models, so we did not report these results.
Because race intersected with gender with regard to hypertension and many of the covariates, all analyses were stratified by gender to focus on race and SES differences. All analyses were conducted in STATA version 11.0 (StataCorp, College Station, TX). We employed the weights to account for the inclusion of dietary measures, complex survey design, and the aggregation of data over years as outlined in the NHANES documentation. 39 
RESULTS
The sociodemographic and health characteristics of the NHANES 2001---2008 sample are shown in Table 1 , with age-adjusted estimates of focal characteristics shown in Tables A and B (available as a supplement to the online version of this article at http://www.ajph.org). In general, Blacks had higher blood pressure compared with Whites; the disparities were particularly large for women. Blacks also were more likely to be without a high school education or to live in poverty compared with Whites. Racial disparities also existed in blood lead level. After adjusting for age, both men and women showed a small Black---White disparity that was present even within SES subgroups (Tables A and B) .
Although the racial disparity in blood lead levels was small, race modified the association between blood lead and SBP even after controlling for numerous potential confounders, including education and PIR, as shown in Table  2 . Black men showed a 2.8 millimeters mercury increase in SBP for each doubling of blood lead (SE = 0.7; P < .001) although White men showed no association (P < .01 for Black---White comparison). Similarly, Black women showed a 4.0 millimeters mercury increase in SBP for each doubling of blood lead (SE = 1.1, P < .001) even though White women showed no association (P < .01 for Black---White comparison). Note. IQR = interquartile range. All results were weighted to account for complex survey design. Tests for significance not performed on medians.
Race also modified the association between blood lead and PP in women, with Black women showing a 2.1 millimeters mercury increase in PP for each doubling of blood lead (SE = 0.9, P < .5) and White women showing no association (P < .01 for Black---White disparity). Race did not modify the association between blood lead and DBP. However, both Black and White women showed an association between blood lead and DBP, with a 1.9 and 1.3 millimeters mercury increase in DBP for each doubling of blood lead, respectively (SE = 0.7; P < .01 and SE = 0.5; P < .01 for Black and White women, respectively).
Because SES categories are incommensurate across race, we examined the association between blood lead and blood pressure within race-SES groups, shown in Table 3 , with these models graphically depicted in Figures 1 and 2 . In general, the stronger association between blood lead and SBP experienced by Blacks was confined to those Blacks with low SES. For example, Black men without a high school education (low SES) showed a 4.1 millimeters mercury increase in SBP for each doubling of blood lead (P < .01), and Black men with at least a high school education (not low SES) showed a 2.2 millimeters mercury increase (P < .05). The modifying effect of race on the association between blood lead and SBP remained for those with less than a high school education (b Black, < high school -b White, < high school = 3.8; P < .05), but was attenuated for those with at least a high school education (b Black, ‡ high school -b White, ‡ high school = 1.9; P = ns). Similarly, poor Black men showed a 4.8 millimeters mercury increase in SBP for each doubling of blood lead (P < .001) even though nonpoor Black men showed no association. The modifying effect of race remained for poor men (b Black, poor -b White, poor = 4.2; P < .01) but was attenuated for nonpoor men (b Black, nonpoor -b White, nonpoor = 0.1; P = ns). Notably, the inclusion of either education or poverty for White men did not change the association between blood lead and SBP; there was no association for any SES group.
Women showed an association similar to that seen with men when comparing education level. However, there was no difference between poor and non-poor Black women. Specifically, both poor and nonpoor Black women showed a roughly 4 millimeters mercury increase in SBP for each doubling of blood lead (b poor = 4.2; P < .01; b nonpoor = 3.7; P < .05).
DISCUSSION
In this study, we investigated the association between blood lead and increased blood pressure. Our data show that this association was Note: All results were weighted to account for complex survey design. Models were adjusted for age, age 2 , hematocrit, body mass index, heavy alcohol use, smoking status (never, former, current), and diabetes diagnosis, antihypertensive medication use, and dietary intake of sodium, calcium, and potassium. Models that included education in the interaction were also controlled for poverty income ratio according to US Census Bureau; models that included poverty income ratio in the interaction were also controlled for education. Cell sample sizes are as follows: Black men, < high school, 481; Black men, ‡ high school, 1008; White men, < high school, 740; White men, ‡ high school, 3402; Black women, < high school, 432; Black women, ‡ high school, 1039; White women, < high school, 616; White women, ‡ high school, 3275. Black, high SES = b 3 + b 4 . *P < .05, **P < .01, ***P < .001. Statistical test for difference of parameter estimate from zero. present for Black but not White adults, even though blood lead levels have continued to decline for both Black and White adults. Moreover, we found that this association was even more complex than previously shown using older data. Specifically, blood lead and blood pressure were most consistently associated only for Blacks of low SES, yet not for Whites of low SES. In sum, our data suggest that blood lead increases blood pressure mainly among the most disadvantaged populations. These findings held even after accounting for several behavioral (e.g., smoking status), demographic (e.g., age), and medical risk factors (e.g., hematocrit levels, diabetes).
A possible explanation for this finding is seen in emerging research on differential vulnerability. 25 A growing literature in environmental health shows that social stressors and psychosocial stress increases the deleterious health effects of environmental hazards. For example, researchers have shown that psychosocial stress amplifies the association between traffic-related pollution and asthma in children. 40 Social sources of stress, such as exposure to violence and high neighborhood unemployment, have also been shown to amplify the association between traffic-related pollution and health. 41, 42 Examining lead specifically, researchers have shown that living in neighborhoods with high levels of psychosocial hazards increases the association between lead and poor cognitive outcomes. 43 Similarly, those who report high levels of perceived stress show a stronger association between lead and both poor cognitive outcomes 44 and blood pressure. 45 Researchers have also reported that high levels of allostatic load, a marker of physiological wear and tear because of chronic stress, 46 increases the association between lead and hypertension. 24 Large literatures in numerous disciplines have documented the Black-White disparities in social stressors such as poverty, neighborhoods of poor quality, and racial discrimination. 33, 47 Researchers have also reported that Black adults have higher allostatic load compared with White adults. 48 It may be that the greater exposure to stressors and greater levels of psychosocial stress experienced by Black compared with White Americans results in a greater effect of lead (and other environmental hazards) and thus, disparities in health. 25 Note. SBP = systolic blood pressure. All results were weighted to account for complex survey design. Regression models controlled for age, age 2 , hematocrit, body mass index, heavy alcohol use, smoking status (never, former, current),diabetes diagnosis, family poverty income ratio, antihypertensive medication use, and dietary intake of sodium, calcium, and potassium. Log-transformed blood lead level, on the x-axis, is that for each decile of the gender-specific distribution. 
Limitations
There are several limitations to this study. First, we used blood lead, which is a marker of recent lead exposure. Researchers have shown that bone lead, a marker of cumulative lead dose over decades, provides a better indication of lead exposure. 56 It may be that despite the slimness of racial disparities in blood lead, the disparities in bone lead are large and that bone lead really drives the association between blood lead and blood pressure. There are historical disparities in lead exposure through disparities in housing stock, hazardous occupations, and proximity to major roadways (when lead was in gasoline). 57 In fact, Black adults have higher levels of bone lead than adults from White or other race/ethnic groups. 58, 59 However, there are currently no data sets that include bone lead in a nationally representative sample of Black men and women over the life span. In the absence of bone lead, we used blood lead and limited this study to health outcomes that are amenable to short-term changes, such as blood pressure. 20 We are also limited in our measures of social factors. However, we used these markers (educational attainment and poverty status) informed by the social science literature, which is novel in the environmental health literature. Researchers have shown that SES is related to exposure to other social stressors and psychosocial stress. 60 However, researchers have also shown that SES is inversely associated with exposure to environmental hazards, 61, 62 which
Note. PIR = poverty income ratio; SBP = systolic blood pressure. All results were weighted to account for complex survey design. Regression models controlled for age, age 2 , hematocrit, body mass index, heavy alcohol use, smoking status (never, former, current), diabetes diagnosis, education (< high school, high school, > high school), and antihypertensive medication use, and dietary intake of sodium, calcium, and potassium. Log-transformed blood lead level, on the x-axis, is that for each decile of the gender-specific distribution. The PIR is the ratio of the family's gross income to the family's poverty threshold as determined annually by the US Census Bureau. suggests there is a need to examine the interaction and spatial correlation between social and environmental factors experienced by socially disadvantaged populations. 63 Despite these limitations, our research makes important contributions to the literature on environmental health and health disparities. Our research is one of only a handful of studies that examine the notion that social factors enhance vulnerability to the health effects of environmental hazards. To date, most of the research in the small but growing literature focuses on either stress, air pollution, and respiratory outcomes in children 41, 64, 65 or stress, lead, and lead-related health outcomes (i.e., blood pressure, cognition) in older adults. 22, 43, 45 Ours is the first study to apply this notion of the interaction between social and environmental factors to racial disparities in blood pressure in a nationally representative data set. Although earlier reports have shown that Black but not White adults exhibit the association between blood lead and blood pressure, researchers have not examined the reason for the modifying effect of race.
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Conclusions
In 2004, the National Environmental Justice Advisory Council of the Environmental Protection Agency (EPA) introduced the notion that social factors enhance the health effects of environmental hazards to the EPA. 66 At the same time, researchers outlined a model of the interaction of social and environmental factors as an underlying cause of the poor health of Black Americans. 25 Our research contributes to this line of research with important implications for intervention and policy. The notion that social factors increase vulnerability to the health effects of environmental hazards challenges decision-makers to view environmental health and environmental justice in a new way. 67 Our results support a call for intervention and policy approaches to address both exposure and vulnerability to environmental hazards. j
